Mammary uptakes of glucose and long-chain fatty acids are proposed to be the major metabolic determinants of milk volume production and mammary efficiency, respectively. Moreover, the ratio of glucogenic to lipogenic nutrients in the diet is proposed to be the major determinant of spontaneous ketosis. Experimental evidence and clinical observations are adduced in support of these three interrelated propositions. Their heuristic value would be demonstrable in tests of formulations of high-fat rations and administrations of articles, such as growth hormone preparations, intended to promote maximal production and efficiency with least risk of ketosis.
INTRODUCTION
This review marshals experimental evidence in support of three propositions: 1) that a major determinant of the rate of milk secretion is mammary uptake of glucose; 2) that a major determinant of lactational efficiency is mammary uptake of long-chain fatty acids (LCFA); and 3) that a major determinant of development of spontaneous ketosis is the ratio of glucogenic to lipogenic nutrients in the diet. These propositions affect practical rations, e.g., in regard to fat content, and prospective interventions in endocrine status, e.g., administration of growth hormone. They are specific, hence, amenable to further testing.
These propositions are derived from two heuristic approaches advanced by Max Kleiber Received September 28, 1981 . 1Supported in part by the Fats and Proteins Research Foundation, Des Plaines IL, the USDA-SEA Cooperative Research (PL1433), and the United States-Israel Binational Agricultural Research and Development Fund. and several associates, most notably Arthur Black and Jack Luick (25, 26, 27, 28) . Kleiber was best known as a student of energy metabolism in the whole animal (24) . He became concerned with the fact that metabolizable energy is not a homogenous entity; instead, it represents an assembly of nutrients or metabolites, each of which is used with a specific efficiency for a particular purpose. The first approach was the use of radioactive tracers of nutrients and metabolites. The first studies showed relative efficiencies of acetate, propionate, and butyrate for glucogenesis and lipogenesis (26, 27, 28) .
The second approach was that improved understanding of metabolic disorders would lead to formulation of rations that would help not only to minimize the incidence of diseases but also to maximize productivity, i.e., efficiency of production. Metabolic inefficiency may be associated with ketosis, an obvious target for investigation in relation to lactation.
Ketosis is the accumulation of acetoacetic acid (AAA), betahydroxybutyric acid (BHA), and their decarboxylation products, acetone and isopropanol, in body fluids. It represents incomplete combustion of fatty acids during periods of enhanced hepatic utilization of fatty acids that may or may not be dependent upon diminished availability of carbohydrate to the liver or extra-hepatic tissues.
Ketosis is a single event that is dependent upon many conditions. These multiple factors may vary in predominance from case to case. Studying the etiology of naturally occurring ketosis as if it were a single homogeneous entity led to inconsistent results for acetate metabolism (49) . To diminish this inconsistency, I differentiated between underfeeding ketosis and spontaneous ketosis (41, 45) . Spontaneous ketosis begins as subclinical ketosis in cows that are feeding on highly glucogenic diets. When clinical signs develop, they usually include diminished food intake after a few days, so that with time a primary feeding ketosis may change progressively to a secondary underfeeding ketosis (36) . With recognition of this time course, a series of studies of glucose, acetate, and acetone metabolism were conducted on cows in the early stage of primary feeding or spontaneous ketosis (40, 41, 45, 48, 61, 62) . The results were consistent within these 20 experiments but contrary to many observations on experimentally underfed animals, e.g., fasted lactating cows and fasted pregnant ewes (33) . The studies of glucose metabolism that initially were aiming to elucidate ketosis eventually became relevant to an even more fundamental issue, rate of milk secretion.
GLUCOSE UPTAKE AND MILK VOLUME
Limits of milk production have been vie~ved in many ways. Extrinsic factors include housing, management, and diet. Intrinsic factors include genetics, body size, feed intake, metabolism and its regulation, and functions of specific organs with emphasis on the digestive tract, liver, and mammary gland. Maximal velocities of enzymes in lactating mammary gland are much greater than rate of milk secretion; i.e., the enzymes are not rate-limiting (20) . This leaves availabilities of certain substrates as the likely limits of secretion rate.
The most specific studies of secretory response to substrate availability have been on goat udder perfused in vivo and in vitro (19, 47) . Milk secretion rate varied directly with the perfusate concentration of glucose but not other hexoses, amino acids, or acetate.
The first indication of an effect of glucose availability on milk production was incidental. Insulin was given to cows in an attempt to induce clinical signs of parturient paresis, hence, to support the glucose shortage theory of this disease (23) . Instead, insulin administration was followed by the clinical signs of acetonemia, including diminished milk production. (The author inferred that hypoglycemia causes clinical signs of acetonemia, a particular disease that I now would identify with clinical spontaneous ketosis. Insulin administration does not cause ketosis, but this report has been misquoted frequently in translation from the original German as the foundation of the hypothesis that hypoglycemia causes ketosis in dairy cows).
Subsequent studies associated diminished milk secretion with hypoglycemia induced by underfeeding as well as insulin administration (17) . It was suggested that blood glucose concentration affected the rate of synthesis of milk lactose, hence, milk volume, by an osmotic association. This two-part hypothesis has persisted, perhaps by default, for it has not been tested rigorously. The establishment of osmotic gradients and pumping of water in the body usually involves the active transport of sodium and other electrolytes. This transport system usually is fueled by glucose. The role of glucose as the main precursor for lactose is not necessarily the key to the effect of glucose on milk volume.
When glucose was infused intravenously into cows that had been given insulin sufficient to induce hypoglycemia and its characteristic clinical signs, nervous signs abated within 20 min, and milk volume was restored by the next milking (42) . The relationship was linear below a plasma glucose concentration of about 55 mg/dl. Raising the plasma glucose concentration above this did not increase milk production.
Infusing glucose into a vein or into the abomasum usually does not increase production with twice daily milking (7, 16) . The blood glucose concentration rises in response to exogenous glucose for a few hours and then falls, apparently as endogenous glucose production subsides, so that the total supply of glucose, endogenous plus exogenous, appears to be a set-point in the regulatory system. Enzymatic and hormonal controls of rate of hepatic gluconeogenesis have been studied extensively in rats, guinea pigs, dogs, and humans but not ruminants. All we have is the crude observation that exogenous glucose diminishes hepatic gluconeogenesis in cows. The set-point that determines the rate of glucose entry into blood is affected by nutrient intake -increased by glucogenic nutrients, such as propionate and amino acids (54, 57) , and decreased by food deprivation (43, 44) .
Contrary to reports (7), we have observed an increase in the volume of the first milking of normal cows within 2 h following the start of a constant infusion of glucose (unpublished). This response of milk volume was seen, however, in only 5 of 12 cows. It seems to depend on the speed of the regulatory response, i.e., the suppression of endogenous glucose production. Meticulous experiments on goats milked every hour have demonstrated linear responses of milk secretion rate to infusions of glucose into the mammary artery (47) . The experimental conditions averted the usual regulatory response in these goats. The regulatory system seems to be retarded or obtunded in ketotic cows for milk production responds linearly to step-wise increments in infusions of glucose (31) .
Availability of glucose to the mammary gland is estimated better by rate of glucose transport through the exchangeable glucose pool, sampled via the blood, than simply by the concentration of glucose in blood. Tracer studies have shown alinear relationship between rate of glucose transport and milk yield in normal, starved, spontaneously ketotic, and insulin-treated cows but not in cows treated with dexamethazone (39, 43, 45) . Milk production in all of these conditions, including dexamethazone administration, relates linearly to mammary uptake of glucose estimated by mammary blood flow and arteriovenous difference (21, 46) . The regression indicates that 1 kg of milk is produced for every 72 g uptake of glucose. In studies on goats, average glucose uptake per kilogram milk was 76 g (2) .
In this view, the volume of milk is determined less by the mammary gland than by the digestive tract and liver. Except for the direct mammary response to stress, simulated by glucocorticoid administration, milk volume is a function of the supply of glucose and glucogenic nutrients from the digestive tract and the rate of hepatic gluconeogenesis. Practical intervention aiming to improve milk volume currently is restricted to formulation of the diet for insufficient information is available about other influences, such as hormones, upon 1) rate of hepatic gluconeogenesis, 2) set-point of total glucose entry rate into the blood, or 3) rate of glucose uptake by the mammary gland. These are the three sites in the control system that invite further investigation, e.g., in relation to articles intended to promote production.
LONG-CHAIN FATTY ACID UPTAKE AND LACTATIONAL EFFICIENCY
Partial efficiency of lactation spans a wide range from 55% or less in cows on pasture through 60 to 70% in cows fed typical high grain diets and up to 85% in cows fed protected fat (34, 38) . In the last mentioned situation, 25% of metabolizable energy (ME) was supplied in the form of LCFA. Biochemical estimates of maximal efficiencies of utilization of specific substrates for synthesis of lactose, protein, and triglyceride in mammary gland show that the large difference lies between utilization; of acetate or long-chain fatty acid for triglyceride synthesis (4, 8, 34) . It was predicted that maximal biochemical efficiency of milk synthesis would be 76% when LCFA constituted 2% of ME and 87% when LCFA was 22% of ME (34) . Actual partial efficiencies of lactation determined by nutritional experiments would be expected to be lower than these maximal theoretical predictions of mammary efficiency based on biochemical reactions. Results in our laboratory showed upper estimates of 73% in cows fed 9% ME in the form of LCFA during the first 10 wk of lactation and 85% in cows fed 25% ME as LCFA (38) . Protein contents of these diets were 16.3 and 16.7% ME, respectively. Protected tallow was fed at four dietary concentrations in studies at Shinfield (9, 12) . A significant quadratic relationship predicted a maximal partial efficiency of lactation of 78% when LCFA was 15% of digestible energy (DE) in the first 6 wk of lactation. At this time, digestible protein energy was 22% of total DE. The equation predicts that lactational efficiency decreases to 70% when LCFA increases to 20% DE or decreases to 10%. The effect of dietary protein on utilization of fat requires further study (12, 28) .
The partial efficiency for utilization of "tissue balance" for milk production has been estimated at 82% from data on energy balance (50) . This result probably reflects highly efficient utilization of LCFA mobilized from adipose tissue during the first 10 wk of lactation. Gross efficiency of milk secretion increases 27% in cows given exogenous growth hormone (53) . This probably also involved fat mobilization (29, 63) and increased use of LCFA for mammary synthesis of triglyceride with a consequent increase in metabolic efficiency of the mammary gland (34) .
The unprotected fat content of diets for dairy cows has been limited for many years to about 5% (dry matter), because a few cows exhibit reduced food intake and reduced fiber digestibility at this percent. This situation has been reevaluated by extensive studies in England (58), Norway (59), and most recently Ohio (51) . The results indicate that 3% tallow or hydrogenated marine fat or 5% of hydrolyzed blended fat (acidulated soap stocks, largely free fatty acids) improves milk production. The latter material is relatively insoluble, and much of it may bypass the tureen.
The mammary gland uses several precursors for milk fatty acids: acetate, AAA, and BHA for synthesis of C-4 to C-16 fatty acids; LCFA from chylomicrons, from very low density lipoproteins (VLDL), and from albumin-bound "free" fatty acids (FFA). Chylomicrons derive from the digestive tract, VLDL from the liver, and FFA from adipose tissue. When mammary uptakes of LCFA increase in response to higher fat intakes (58) or to fat mobilization (30, 46) , then synthesis of C-4 to C-16 fatty acids from acetate declines, presumably because an increase in fatty acyl-CoA concentration in the cytosol inhibits acetyl-CoA carboxylase. In this way, the mammary gland seems to show a preference for LCFA over acetate for milk fat synthesis. Thus, the supply of LCFA to the gland determines the relative proportions of LCFA and acetate utilized, hence, the efficiency of milk triglyceride synthesis.
The LCFA are extracted by the liver from plasma FFA at a fairly constant fractional rate, about 25% in ruminants. In contrast, LCFA in chylomicrons are taken up little if at all by the liver. Instead, they are extracted mainly by the mammary gland and adipose tissue, perhaps more by the mammary gland early in lactation and more by adipose late in lactation (51, 58) . Thus, the physiochemical forms of LCFA in blood greatly affect their disposition. The LCFA in chylomicrons will spare the need for body fat mobilization and, hence, tend to lower blood concentrations of FFA, AAA, and BHA. Decreases in blood AAA and BHA have been significant in cows fed protected fat, which would increase abundance of chylomicrons (9, 38) . Plasma FFA were elevated consistently in one study (9) but inconsistently in the other (38) ; this measurement is nonspecific and may, under these circumstances, represent some LCFA from the digestive tract as well as the body stores. In any case, the difference in handling of LCFA in chylomicrons versus FFA may explain why AAA and BHA concentrations of blood are reduced by fed fat but increased by mobilized fat.
RATIO OF GLUCOGENIC TO LIPOGENIC NUTRIENTS AND SPONTANEOUS KETOSIS
Ketosis in dairy cows has been classified into four types for purposes of clinical and nutritional management (36):
1. Primary underfeeding ketosis -the cow is not offered enough acceptable feed. 2. Secondary underfeeding ketosis -the cow's voluntary feed intake is diminished by disease. 3. Alimentary or ketogenic ketosis -the cow is consuming excessive amounts of highly ketogenjc feed, e.g., certain silages. 4. Spontaneous ketosis -the cow is consuming a ration that is "nutritionally adequate in every respect.., on the basis of our present (1956) knowledge" (56).
There is little argument about the first three types, but the nature of spontaneous ketosis is in contention. The most generally accepted thesis is the glucose shortage theory (3, 55) . "The key factor involved in rendering dairy cows susceptible to spontaneous ketosis is the metabolic priority given to the demands of milk production at a time when appetite is limited" (3). The reference to appetite concerns the first 6 to 8 wk of lactation when cows fed common rations are usually in negative energy balance. In this view, metabolic priorities that favor lactation are determined by "homeorhetic" hormones, such as prolactin (3). This creates a demand that cannot be met for glucose from the blood, so that "a severe carbohydrate insufficiency" develops (3).
The antithesis is that an excess of glucogenic nutrients relative to lipogenic nutrients is the cause of spontaneous ketosis (Table 1) . Milk volume is determined by the availability of glucose under most conditions or the mammary uptake of glucose under all conditions that have been studied. This creates a demand for lipogenic nutrients. At this point, another peculiarity of ruminant metabolism becomes crucial: glucose does not provide acetyl-CoA units for lipogenesis as it does in nonruminants (5, 18) . Under these circumstances, glucose taken up by the udder determines the rate of milk secretion but does not contribute carbon to synthesis of milk fatty acids. Three outcomes are possible: 1) the ration may provide sufficient lipogenic nutrients to sustain high production and health; 2) the ration may supply insufficient lipogenic nutrients, and the milk fat content may decline; or 3) the ration may provide insufficient lipogenic nutrients, and body fat may be mobilized. The third outcome involves an increase in plasma FFA, a proportionate increase in hepatic uptake of FFA, and hence, increased ketogenesis. Increased mammary uptakes of acetate, BHA, and LCFA (from FFA and VLDL) are associated with mammary production of acetoacetate (46) .
Certain experimental observations were important in development of the glucogenic/ lipogenic hypothesis. The glucose shortage theory was supported by radiotracer studies that indicated decreases in the exchangeable pool of glucose sampled by blood glucose and the rate of glucose transport through this pool in experimentally starved lactating cows or pregnant sheep and in ewes with pregnancy toximia but not in cows durng the early phase of spontaneous ketosis (35, 43, 44, 45) . During the course of the clinical syndrome, hypophagia usually develops a few days after the first signs of neurological dissociation and hypertonia (36) ; then a secondary underfeeding ketosis progressively replaces the primary feeding ketosis. Tracer glucose experiments at this later stage demonstrated a decrease in glucose transport rate (35) . Indeed, many observations on cows with alleged primary ketosis have been on cows that have progressed to the secondary underfeeding stage, so that the naturally occurring condition at this point strongly resembles experimental food deprivation (3). These studies of underfeeding ketosis are more relevant to therapy than to nutritional prophylaxis which should concern initiation of ketosis in feeding cows.
In addition to experimental observations on glucose kinetics and mammary uptakes of glucose, experiences in the field were inconsistent with the glucose shortage hypotehsis applied to spontaneous ketosis. Rations of several herds that had a high incidence of clinical ketosis were highly glucogenic -grain concentrates fed free choice and supplemented with propylene glycol (32, 34) . One herd of Holsteins, for example, averaged 7120 kg milk and 290 kg fat. The ration was based on a mixture of barley and soy bean meal containing 16.5% protein (dry matter). This was offered free choice along with haylage and grass hay. About 1 kg of concentrate dry matter was consumed per 2.8 kg milk produced. The cows were dosed with propylene glycol, 115 g twice a day for 2 wk prior to parturition, then 230 g twice a day for 2 mo postpartum. Out of 16 (36) . cows calving, 10 had been treated for clinical ketosis (34) . Other examples are described elsewhere (32) . These herds were offered highly glucogenic rations that not only failed to prevent ketosis but also appeared to provoke it.
A high incidence of ketosis has been observed in herds fed high protein diets, e.g. herring meal in Norway (10) and rapidly growing clover-grass pastures in New Zealand (60) . High protein diets also have enhanced the ketogenic effect of thyroxine (22) . Rate of glucose transport responds linearly to dietary protein in sheep (54) , and a similar glucogenic effect of protein in dairy cows would account for high incidence of ketosis according to the glucogenic/lipogenic hypothesis.
Another consistent observation is a high relapse rate in ketotic cows given intravenous glucose (36) . About 210 g of the common dose of 250 g glucose is retained and usually boosts milk production 1 or 2 kg in the next milking. This recreates a further demand for lipogenic nutrients, which may result in further mobilization of body fat.
Field studies in Norway, where the incidence of clinical ketosis increased from 5% in 1960 to 20% in 1976, have associated a higher incidence of ketosis with more severe negative energy balance (14, 15) . If this problem responds simply to the provision of more feed to cows early in lactation, then I would agree that it represents primary underfeeding ketosis. If it responds better to more dietary fat in particular than to more feed in general, then it more likely represents spontaneous ketosis.
In addition to ration evaluation and responses to ration changes in the field, primary feeding or spontaneous ketosis may be differentiated from underfeeding ketosis by blood analysis. Acetate concentration in the blood declines during underfeeding but increases during subclinical and clinical spontaneous ketosis (1, 46) . Acetoacetate concentration is greater in mammary vein blood than in arterial blood (usually taken from the coccygeal artery about 20 cm from the base of the tail) only when blood acetate concentration is elevated, The response of hepatic ketogenesis to increasing availability of FFA is linear during underfeeding, but the ratio of AAA and FFA concentrations in plasma is higher during spontaneous ketosis than in fasting ketosis (6, 46) .
GROWTH HORMONE
Administration of a preparation rich in growth hormone (GH) stimulated milk secretion in 1947 (64) . Eight years later, GH injections for several weeks improved milk production at peak lactation by 50% in grazing cows (11) . Subsequent studies with purer preparations failed to show such a pronounced improvement, so the earlier preparations may have contained active and synergistic impurities. The most recent study with the most highly purified preparation of bovine GH showed improvements of 10% in milk volume, 13% in milk fat content, and 17% in milk energy output (53) . These responses "indicate that growth hormone mediated a major shift in the partitioning of nutrients toward milk synthesis" (53) .
In line with the present discussion, I propose that GH may act in the following ways, each amenable to experimental measurements.
First, it may increase milk volume by increasing hepatic glucose production and glucose transport rate, hence, mammary glucose uptake, by acting directly on the mammary gland to increase its fractional extraction of glucose from the blood, or by decreasing glucose utilization in other tissues, an anti-insulin effect.
Second, it may increase milk fat content and mammary efficiency by increasing the rate of mobilization of body fat, hence, plasma concentrations of FFA, AAA, BHA, and VLDL, eventually increasing mammary uptake of LCFA from FFA and VLDL, and decreasing mammary utilization of acetate.
Third, it may increase the risk of ketosis. Increases in plasma FFA have been demonstrated already in cows given large doses of relatively impure GH preparations (29, 63) . This was accompanied by ketosis without hypo4glyeemia or clinical signs (29) . Injection of C 1 acetate into one teat cistern and comparison of radioactivity in milk fat from this quarter and the other three quarters demonstrated a reduction in direct udder transfer from over 90 to 84 and 74% in the two cows given GH (29) ; comparable transfer in spontaneously ketotic cows was 78%.
If further studies of responses of dairy cows to pure GH preparations yield similar positive results, then the time during the lactational bpartial efficiency of lactation is the output of milk energy expressed as a percent of metabolizable energy above maintenance adjusted for change in body weight.
CMammary efficiency is output of milk energy expressed as a percent of metabolizable energy uptake by mammary gland regardless of its immediate derivation from digestive tract or tissue reserves.
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cycle when exogenous GH is provided would have to be determined with great care. If a key response is fat mobilization, then adequate time may have to be allowed for fat deposition, perhaps during the last 1 or 2 mo of a 10-mo lactation. Alternatively, GH administration may act synergistically with high energy rations during the last 6 mo of lactation to maximize milk production and mammary efficiency without making cows excessively fat. Such a regimen might prevent the "fat cow syndrome" (36) . Biochemical considerations suggest that partial efficiency of lactation should diminish during GH administration by 2 to 4%, i.e., by the amount of energy used for lipolysis of triglyceride in adipose tissue, transport via blood, and incorporation of LCFA into triglyceride in mammary gland (34) . This biochemical estimate agrees with energy balance studies that indicated partial efficiencies of 74.7% for body weight gain (fat deposition) and 82.4% for utilization of body tissue for milk synthesis, giving a product of 61.55% for milk synthesis via body tissue that may be compared with 64.4% for direct partial efficiency of lactation (50) . Although the cow's partial efficiency of lactation may decrease, the overall metabolic efficiency of the mammary gland should increase during body fat mobilization as more LCFA and less acetate are used for mammary triglyceride synthesis (34) . In comparing responses of the lactating cow to high intakes of LCFA (12, 38) or to exogenous GH (53) , it may be useful to distinguish mammary efficiency, the overall metabolic efficiency of the mammary gland, which becomes increased whenever more LCFA is utilized by the gland, from the cow's partial efficiency of lactation, which may be increased by 15% during fat feeding (38) but should be decreased by 2 to 4% during exogenous GH administration ( Table  2) .
Variation in peak milk yield is usually greater than variation in persistency after the peak, so that efforts to maximize peak output are more likely to affect total lactational output (13) . So, the most effective time to administer GH may be the rising and peak phases of lactation, say 2 to 8 wk postpartum. This is when the cow is mobilizing body stores of fat even without the aid of exogenous GH. This is also when the cow is most prone to develop ketosis, without or with hypoglycemia and clinical signs. Now that recombinant-DNA technology promises a bountiful supply of "bovine GH", specific knowledge of its metabolic effects are needed to help establish its most effective and safe use in dairy cows.
PARTITIONING VERSUS COORDINATING UTILIZATION OF NUTRIENTS
Partitioning of nutrients for utilization by various tissues and organs was suggested first by Hammond and his associates for growth, with predominence moving from nervous tissue to bone, muscle, and fat (52) . Partition implies antagonism between tissues in competition for nutrients. Other workers have emphasized the influence of exogenous GH in partitioning utilization of nutrients between the mammary gland and adipose tissue (53) . In the lactational cycle, acetate may be utilized preferentially by the mammary gland during the rising and peak phases but by adipose tissue during the declining phase and the dry period. Exogenous GH may appear to affect this partitioning of nutrients or competition between tissues.
An alternative interpretation would be that exogenous GH helps to coordinate adipose tissue and mammary gland so that they act synergistically rather than antagonistically. It may influence adipose tissue to increase lipogenesis from acetate and simultaneously release LCFA. In this way the lipogenic capacity of adipose tissue would be added to that of the mammary gland under the influence of exogenous GH. These concurrent lipogenic activities would represent synergism and coordination rather than antagonism, competition between tissues, or partitioning of nutrients.
